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The nanostructure...

Endotaxy: lattice matched
placement of one materia
Inside another

Controlling nanostructuring

m New means of introducing
nanostructures in bulk
materials

[l Spinodal decomposition
1 Nucleation and growth
1 Liquid encapsulation




electronic band structure of PbTe

e Valence band is multiple
A& LA a~6.45A(300K) Peaks

m*s (~2mg) >> m* (~0.2my)
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Introducing strain into PbTe

m SrTe: rock salt structure Fm-3m
ma=6.660A
m PbTe: a=6.460 A

Solubility of SrTe unknown

MgTe, CaTe, BaTe



PbTe-SrTe : Powder X-ray diffraction
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Indexed based on PbTe structure ( space group Fm3m)

No SrTe or other phase observed

TGA up to 900 K under N, atmosphere: Samples are stable without weight loss



Electrical conductivity

25001 6 _
| A A PbTe-SrTe (0.5 %) .
2000- O PbTe-SrTe (1 %)
Uﬁ O PbTe-SrTe (2 %)
1 500 n ea O = T—6
% of SrTe | © (300-800 K)
e I T =
E 2 -24
500- nﬂqsl -
, _ m:m Ao

300 400 500 600 700 800 900

I (K)

K. Biswas et al Nature Chemistry 2011, 3, 160-166



Hall measurement
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Seebeck coefficient and Power factor
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Valence bands of PbTe....
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K. Biswas et al Nature Chemistry 2011, 3, 160-166

Thermal conductivity
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Transmission electron microscopy (TEM)
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B PbTe-SrTe (2%) | nanocrystals have similar

1 symmetry, structure and lattice
parameters, and corresponding
crystallographic planes and
directions are completely aligned
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Optimizing charge transport

Comparable mobilities
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Figure of merit, ZT

1.84 A pbTe- SrTe(OS%)
161 © PbTe-SrTe(1%)
o PbTe-SrTe (2 %)
- . type PbTe

04l g%
0. 2_ ;55 Al samples are ingots

0.0 d

300 400 500 600 700 800 900
7 (K)

K. Biswas et al Nature Chemistry 2011, 3, 160-166

T




CaTlein PbTe
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Earth abundant materials: Recent exciting
results: thermal conductivity reduction
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Thermoelectrics from Abundant Chemical Elements:
High-Performance Nanostructured PbSe—PbS

John Androulakis,’ lli?ra Todorov,’ Jiaging HE,"§ Duck-Young Chungf Vinayak Dravid,g and
Mercouri Kanatzidis™'~

"Department of Chemistry and l'l_'l'cparr.mcm of Material Sdence & Engineering, Northwestem University,
Evarston, [lincis 60208, United States

"Materials Science Division, Argonne Mational Laboratory, Argonne, Hlinois 60439, United States

ABSTRACT: We report promising thermoelectric properties of |
the rock salt PhSe—PhS system which comsists of chemical
elements with high natural abundance. Doping with PhCl,, excess
Fb, and Bi gives n-type behavior without significantly perturbing
the cation sublattice. Thus, despite the great extent of dissolution
of Ph% in PhSe, the transport properties in this system, such as

1B my

1]
frtyipd PHTe-PDS 16% .0

carrier mobilities and power factors, are remarkably similar to -f‘:;'."{"
those of pristine n-type PhSe in fractions a5 high as 16%. The - '-_f,:;':-""::"‘_-i.-"-‘
unexpected finding is the presence of precipitates ~2—5 nm in .':-""’rn-t;wl"hﬁ

size, revealed by transmission electron microsoopy, that increasein o

density with increasing PhS concentration, in contrast to previous 300 600 900
reports of the occurrence of a complete solid solution in this

systern. We reporta marked impact of the observed nanostructur- Temperature [K]
ing on the lattice thermal conductivity, as highlighted by contrasting the experimental values (~1.3 W/mEK) to those predicted by
Klemens—Drabble theory at oom temperature ([~ 16 W, mb ). Our thermal conductivity results show that, unlike in PbTe, optical
phonon exdtations in Phse—PhS systems contribute to heat transport at all temperatures. We show that figures of merit reaching as
high as ~1.2—1.3 at 900 K can be obtained, suggesting that large-scale applications with good corversion effidendes are possible
from systems based on abundant, inexpensive chemical elements.
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thermal conductivity reduction below
alloy limit
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_500 I

PbSe-x%PbS : doped with 0.3% of In
x=0,4,8,and 16

Electrical Conductivity
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; Todorov, . ; He, J. ; Chung, D. ; Dravid, V. ; Kanatzidis, M. ; J. Am. Chem. Soc. 2011, 133, 10920



PbSe-PbS system hlgh ZT at 900K
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Thermoelectric Properties of n-type PbS




PbS- B|253 phase dlagmm
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n-type PbS

The solubility limit of PbCl, in PbS ranges
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5.934 T T T “ T T T T 12
R - 5932 o
g PbS+x% PbCl2 5.930 1
— | I J L x=5.00 I 418
> A | W MUY | W Wi 5.928 ,
a | | S U W dad IO ¥OT 16
9 : k. x=1.00] @® : |
= S Ao ' — 5.924 14
l L)\ A J\.A_ JL.X__A__ 5.922 - d
x=0.04 A
1 S S PR S 5.918%‘ —

1 2 3 4 5
degree) PbClzconcentration (x, mol %)

20 30 40 50 60 70 80 90
20

—

n (10"%cm?)



n-type PbS with second phases

PbS with second phases without doping
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4 U.5. Depariment of Ensrgy

n-type PbS with second phases

Seebeck independent on second phases

2500 ~—a—Pbs o o [ — AN :
: @ PbS+1% PbClz - 22 _
2000; PhS+2% BiSo 1% PbCH gy 17 W‘“@
—~ - n 7 posea B;zS§+1% POl R -100; Q@;’“‘;ﬂ‘f%ﬂy 1% -
= 1500} »\,\' < PbS+4% BizS3+1% PbClz | < - ST - ol |
5 PbS+5% BizSa+1% PbCl2 % &
A : 1> -200} u, 10
1000} * 1= = 6
R o] (7)) =
5001 -300+ ] & 3l
. ] I ]
] S 40— 0
300 400 500 600 700 300 400 500 600 700 300 400 500 600 700
Temperatsqre _(frg) o red Temperature (K) Temperature (K)
1gnificantly reduce
PbS with Sb,S,~ 0.78 @ 723 K
(9 30——r (h) 1.0 S — 10—
2.5 % . 0sl ~080@723K | gl L Fesrrisnsrece
c pol e | A T sesne
¢ 40 P ..‘a 0.6} g 0.6 < PbS+4% StsSs+1% PbCiz
% ‘s . ~ L | =~ PbS+5% Sb2Sa+1% PbCl2
< 10 «J"‘v, R VU 0.4} ."',Jr"s_l':-"f"'" " 0.4+
- - El “‘::’ Aaa, 1 ':111.:-'.1
> p e TS YTYYvYVYwy " o
skl »> > RIS IFIET | 0.2} :}!ﬁﬁiw“ 0.2}

0.0
300 400 500 600 700

Temperature (K)

0.0L—r—v——r————r—
300 400 500 600 700

Temperature (K)

Temperature (K)



TEM: nanostructured PbS
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Nanostructures n-type PbS, ZT=1.1

ZT ~1.1 @923 K Goodrepeatability I 77 1 06 @ 923 K
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Panoscopic view of thermoelectrics
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Conclusions

Strain at interfaces increases phonon scattering

Small nanostructured (1-10 nm) are more likely to create
strain

Superior properties in p-type PbTe-SrTe achieved through
endotaxial placement of nanoprecipitates

— Nanostructures do not reduce the power factor and function
exclusively as phonon scatterers

Large power factor enhancements are need for continued ZT
Increases

PbSe-PbS is nanostructured!

PbSe-PbS n-type ZT~1.3 at 900K.
High performance in PbS (ZT>1)
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